The changes in milk fat globules and fat globule surface proteins during concentration of whole milk using a pilot-scale multiple-effect evaporator were examined. The effects of heat treatment of milk at 95 8C for 20 s, prior to evaporation, on fat globule size and the milk fat globule membrane (MFGM) proteins were also determined. In both non-preheated and preheated whole milk, the size of milk fat globules decreased while the amount of total surface proteins at the fat globules increased as the milk passed through each effect of the evaporator. In non-preheated samples, the amount of caseins at the surface of fat globules increased markedly during evaporation with a relatively small increase in whey proteins. In preheated samples, both caseins and whey proteins were observed at the surface of fat globules and the amounts of these proteins increased during subsequent steps of evaporation. The major original MFGM proteins, xanthine oxidase, butyrophilin, PAS 6 and PAS 7, did not change during evaporation, however, PAS 6 and PAS 7 decreased during preheating. These results indicate that the proteins from the skim milk were adsorbed onto the fat globule surface when the milk fat globules were disrupted during evaporation.
Falling film multi-effect evaporators, which are predominant in modern dairy factories, are designed to remove as much water as possible from the milk at a low energy cost and with minimal heat-damage to the milk constituents. In the traditional design, the milk is boiled under vacuum in the first effect (or stage) through the application of externally supplied heat. Subsequent effects are heated by the vapour generated from evaporation in the preceding effects.
In addition to concentration, evaporation causes numerous other changes in the milk system (Singh & Newstead, 1992) . These changes depend, to some extent, on other conditions, such as preheat treatment, temperature during concentration and time elapsed after concentration (Singh & Newstead, 1992) . The pH of milk decreases during concentration from an average initial value of 6 . 7 to approximately 6 . 1 at 45 % total solids (Howat & Wright, 1934) . This is partly due to changes in salt equilibria as more calcium phosphate is transferred from the soluble to the colloidal state, with a concomitant release of hydrogen ions (Fox, 1981) .
The viscosity of the milk increases with increasing concentration and the effect is most marked when the concentration of milk solids exceeds 45 % (Baldwin et al. 1980) . The viscosity increase reflects the increase in the extent of inter-and intramolecular contact between components of the milk brought about by concentration. At 45 % total solids, the casein micelles alone occupy about 30 % of the total volume of milk (Singh & Newstead, 1992) .
Treatment of milk in a falling-film evaporator may considerably disrupt fat globules (Mulder & Walstra, 1974; Mol, 1975) . Boiling implies the formation of vapour bubbles while the fat is liquid, and this must disrupt some fat globules. Disruption of fat globules may cause the changes in the milk fat globule membrane (MFGM) (Mulder & Walstra, 1974) .
In addition to disruption of fat globules, the effect of heating during evaporation on the composition and properties of the MFGM need be considered. It has been shown that the native MFGM proteins are very reactive during heating, even at temperatures below 65 8C (Dalgleish & Banks, 1991 ; Ye et al. 2004) . For normal milk, the residence time in each effect during evaporation is typically 1 min, so that in the first effect the milk is held for about 1 min at 70-72 8C, which is a rather more severe heat treatment than pasteurization (typically 72 8C for 15 s). Subsequent stages are at lower temperatures, and would be expected to have less impact (Singh & Newstead, 1992) . No data on the effects of heat on MFGM proteins at a range of total solids over this temperature range are available.
There are a few studies that have examined the state of casein micelle and fat by the electron microscopy in concentrated milks (Schmidt et al. 1971; De Felipe et al. 1991; Velez-Ruiz & Barbosa-Canovas, 2000) . A thick protein layer, containing casein micelle was seen on the fat globule surface in these studies. However, the concentrated milks used in these studies were homogenized before examination by electron microscopy ; alternatively, commercial condensed milks, where processing conditions were unknown, were used. No previous studies have been reported on the behaviour of the milk fat globule and the MFGM during evaporation of whole milk under conditions used in the commercial manufacture of whole milk powder.
Hence, the objective of the present investigation was to determine the changes that had occurred in the milk fat globules and the MFGM proteins as the milk passes through the pilot-scale multiple-effect evaporator. In some experiments the milk was preheated prior to entry into the first effect of the evaporator.
Materials and methods

Milk
Bulked whole milk, obtained from the Fonterra Co-operative Group in November 2001, was standardized to 34 g fat/l, 32 g protein/l, 48 g lactose/l, 119 g total solids/l (TS) and 85 g SNF/l in the pilot plant at the Fonterra Research Center, Palmerston North. Milk was pasteurized at 72 8C for 15 s before further processing treatment.
Evaporation
For each process run, about 1750 l milk was passed through a three-effect, pilot scale, falling film evaporator (Wiegand, Karlsruhe, Germany) with a nominal evaporative capacity of 1600 l/h. In the non-preheating process run, the milk was warmed to y70 8C by direct steam injection (DSI) prior to entry to the evaporator. Preheating was carried out by DSI to bring the milk to the desired temperature (95 8C). The milk was then passed through holding tubes (residence time 20 s) to the vacuum vessel where it was flash-cooled to y70 8C prior to entry to the first effect evaporator. The temperatures of the milks in the 1st, 2nd and final effects of the evaporator were about 70 8C, 62 8C and 50 8C, respectively. The final concentrate was heated to 79 8C.
Experimental milk samples
The following milk samples were collected in glass bottles: raw whole milk, standardized-pasteurized milk, preheated milks, milks obtained after each effect of the evaporator and heated final concentrate. Immediately after collection, all concentrate samples were cooled from 50-79 8C to room temperature (20 8C) in a cold water bath. The concentrated milks were diluted with purified water to the original total solids (y11 . 9%) within 3 h. The water used was purified by reverse osmosis followed by treatment with a Milli-Q apparatus (Millipore Corp., Bedford, MA 01730, USA). The evaporation trials were carried out on three separate occasions. Similar results were obtained and one set of data is presented.
Determination of average fat globule size and specific surface area of whole milk A Malvern MasterSizer MSE (Malvern Instruments Ltd, Worcestershire, UK) was used to determine the fat globule size distribution using the presentation code 2NAD. The relative refractive index (N) i.e. the ratio of refractive index of fat globule (1 . 456) and that of the dispersion medium (1 . 33) was 1 . 095. The milk particle size distributions of samples were determined under two conditions : (i) milks dispersed in water and (ii) milks dispersed in 20 g SDS/l and 50 mM-ETDA solution (pH 6 . 8) to dissociate the casein micelles. The results presented are the average of duplicate analyses.
Isolation of milk fat globule surface material
Milk fat globule surface material was isolated from whole milk or diluted samples of concentrated milk, as described by Ye et al. (2002) . Milk samples were centrifuged at 15 000 g for 20 min at 20 8C in a temperature-controlled centrifuge (Sorvall RC5C, DuPont Co., Wilmington, DE). Three fractions were obtained, i.e. top (cream) layer, middle layer and sediment. The top layer (cream) was removed from the centrifuge tube using a spatula. The middle layer was then decanted off leaving behind the sediment.
The top layer (cream) was suspended in 10 volumes of SMUF (pH 6 . 6) (Jenness & Koops, 1962) or, in some instances, in 10 volumes of SMUF containing 6 M-urea and 50 mM-EDTA (pH 6 . 6). The sample was left at room temperature for 1 h and then recentrifuged at 15 000 g at 20 8C for 20 min ; the top layer was collected. The washing of the top layer in either SMUF or urea and EDTA solution was repeated twice.
Analysis of fat globule surface protein components
The individual proteins in the washed cream were determined by polyacrylamide gel electrophoresis (PAGE), as described by Ye et al. (2002) . The washed cream was dispersed (1 : 2 wt/wt) in 0 . 5 M-Tris-HCl buffer, containing 10 % glycerol, 2 % (w/v) SDS and 0 . 05 % Bromophenol blue. SDS displaced the surface proteins from the oil-water interface (De Feijter et al. 1987) and stabilised the protein molecules in extended conformations. For PAGE under non-reducing conditions, the samples were heated at 45 8C for 5 min in a water bath. For reducing conditions, 5% b-mercaptoethanol was added to the samples followed by heating at 95 8C for 5 min in a boiling water bath.
After heating in the SDS buffer, a further centrifugation at 2500 g for 30 min was performed before PAGE analysis to remove the fat from the sample. 10 ml of subnatant was then loaded onto the SDS-gel and the gel was run in a Mini-Protean system (Bio-Rad, Richmond, CA, USA) at 200 V using a Bio-Rad power supply unit (Model 1000/ 500, Bio-Rad, Richmond, CA, USA). The SDS PAGE systems have been described by Singh and Creamer (1991) . The protein bands were fixed and stained using a solution of Coomassie Blue R-250. After the gels had been stained and destained, the proteins of the MFGM were identified by comparing with molecular weight of the standard proteins obtained from Bio-Rad Laboratories (Hercules, CA 94547, USA), and with the results reported previously (Keenan & Dylewski, 1995; Mather, 2000) . In addition, the gels were scanned using an Ultrascan XL laser densitometer and the results were analysed using an LKB 2400 GelScanXL software program (LKB Produkter AB, Bromma, Sweden) to obtain quantitative results.
The quantification of the b-lg and a-la was carried out using their respective standard curves. Standard samples of purified b-lg and a-la (Sigma Chemical Co., St. Louis, MO) were run on the electrophoresis gels in various amounts in the range 0 . 25-10 mg. A satisfactory linear plot (R 2 =0 . 99) obtained between the integrated peak areas and the sample concentration was then used to quantify the serum proteins in the samples derived from the fat globule surface.
Determination of protein and fat content
The total protein contents of cream samples were determined using the Kjeldahl method (AOAC, 1974) by determining total nitrogen and multiplying it by a factor of 6 . 38. The samples were digested using a Kjeltec 1007 digester (Tecator, Sweden) and distilled using a Kjeltec 1026 Distilling Unit (Tecator, Sweden). The total fat contents of whole milk and cream samples were determined using the Mojonnier method for milk (International Dairy Federation, IDF 1C: 1987) and cream (IDF 16C: 1987) , respectively. Fat and protein results are the average of duplicate analyses.
Transmission electron microscopy
The method used is that described by McKenna et al. (1999) . The prepared samples were stained with lead citrate, and then examined in a Philips transmission electron microscope (TEM) (Philips, NL-5600 MD Eindhoven, The Netherlands) at an acceleration voltage of 60 kV.
Reproducibility of data
Analysis of 16 samples of raw whole milk and 3 samples of concentrated milk (TS y 50 %) gave the following variations: ± 0 . 03 mm for d 32 , ±0 . 50 mg/g fat for total MFGM protein of raw milk, ± 4 mg/g fat for the total surface protein of concentrated milk, ± 0 . 25 mg/g fat for individual MFGM proteins on the surface of fat globules, ± 3 . 0 mg/g fat for caseins on the surface of fat globule, ± 0 . 82 mg/g fat for k-casein on the surface of fat globule, ± 1 . 0 mg/g fat for b-lg on the surface of fat globule and ± 0 . 15 mg/g fat for a-la on the surface of fat globule.
Results
Change in milk fat globule size distributions Figure 1 shows the average fat globule diameter (d 32 ) of various milk samples, dispersed in SDS and EDTA buffer. The d 32 decreased as evaporation progressed in both nonpreheated and preheated milks. However, d 32 decreased to a greater extent with preheating at 95 8C for 20 s than with non-preheating (heating to 70 8C just prior to entering the evaporator).
These results indicate that the milk fat globules were disrupted to some extent during preheat treatment by DSI and then by subsequent evaporation of whole milk by the multiple-effect falling film evaporator.
Changes in total protein concentration at the milk fat globule surface
The amounts of total protein at the surface of the milk fat globules of various milk samples are given in Table 1 . The total surface protein increased considerably after the 2nd and the final effects. For the non-preheated samples, the final concentrated milk (TS y 49 %) had y4 times more total surface protein (mg/g fat) compared with the standardized milk (TS y 11 . 9 %). Preheating at 95 8C for 20 s caused about 2-fold increase in the total surface protein. Evaporation further increased the total surface protein in the preheated milk. There was about 4-fold increase in the total surface protein in the final concentrated milk compared with preheated milk; this was about 7 times higher than that in the standardized milk. The total surface protein (y51 . 1 mg/g fat) in the final concentrate obtained from milk preheated at 95 8C for 20 s by DSI, was significantly higher than that (y33 . 4 mg/g fat) in the final concentrate obtained from non-preheated milk.
When the final concentrate was heated to 79 8C, the total surface protein significantly increased further in both non-preheated (y33 . 4 to y41 . 9 mg/g fat) and preheated (y51 . 1 to y61 . 8 mg/g fat) milks (Table 1) .
Composition of the MFGM proteins
SDS-PAGE patterns of the fat globule surface material, that was isolated from various milks, are shown in Fig. 2 . In the non-preheated samples, a marked increase in the intensity of casein bands was observed after the 2nd and final effects ( Fig. 2A) which indicates that the adsorption of caseins at the fat globule surface was the main factor leading to the increase in the total surface protein (Table  1) . A faint band of b-lg was observed in the milk samples prior to evaporation and after the 1st effect. The intensity of b-lg band increased considerably after the 2nd and final effects. However, this increase was relatively small compared with the increase in caseins (Fig. 2A) . When the final concentrate was heated to 79 8C, there was a further slight increase in the intensity of b-lg (Fig. 2A, lane 7) .
In the preheated samples, caseins, b-lg and a-la bands were observed before evaporation (Fig. 2B) . The intensity of these bands gradually increased during the subsequent steps of evaporation. Compared with the non-preheated samples, the intensity of b-lg band was considerably higher in the preheated samples at each effect ( Fig. 2A) . The a-la band was observed in the preheated samples, whereas it did not appear in the non-preheated samples. Figure 3 shows that the amounts of caseins and serum proteins, obtained by quantitative SDS-PAGE, on the surface of fat globules in various milk samples. In the nonpreheated samples, the caseins dominated the total surface protein in the final concentrate. In the preheated samples and after the 1st effect, the amount of serum proteins was similar to that of caseins. However, the amounts of caseins greatly increased in the final concentrate. The amounts of b-lg and a-la also significantly increased and occupied about y15 % and y3% respectively of the total surface protein in the final concentrate. These results showed that the higher total surface protein in the preheated final concentrate compared to that in non-preheated sample was not only attributed to the higher amount of serum proteins at the surface, but also to the greater amounts of caseins at the surface. (Fig. 3B) .
When the isolated surface material (cream) was washed in urea and EDTA solution, the casein micelles adsorbed at the fat globule surface were dissociated and washed away. Only the protein molecules adsorbed directly at the interface of fat globules and the protein molecules bound to the interfacial protein layer via covalent bonds remained on the surface of the fat globules. SDS-PAGE on these samples showed that only k-casein remained at the fat globule surface and its band intensity increased during evaporation while the other caseins were removed by the urea and EDTA solution (Fig. 4) . The other protein bands, including b-lg, a-la and original MFGM proteins were not affected by the washing with urea and EDTA solution. The heat treatment (79 8C) of the final concentrate prepared from both non-preheated and preheated milks caused an apparent increase in the intensity of both b-lg and a-la bands (Fig. 4) . These results indicate that only k-casein in the casein micelle adsorbed directly onto the surface of fat globules, while other caseins (a s -caseins, b-casein) did not attach or adsorb at the fat globule surface. The association of serum proteins with the surface of the fat globule was mainly attributed to the interaction between the original MFGM proteins and serum proteins via disulphide bonding during heat treatment.
The intensity of the major original MFGM proteins, including xanthine oxidase, butyrophilin, PAS 6 (Band 15) and PAS 7 (Band 16) did not change during evaporation in the non-preheated samples (Fig. 5A) . However, the amounts of PAS 6 and PAS 7 (Band 15 and 16) significantly decreased when raw milk was standardized and pasteurized. Preheating at 95 8C for 20 s caused a marked reduction in PAS 7 and PAS 6, with PAS 7 almost completely disappearing from the PAGE (Fig. 5B ). This is in agreement with previous studies, who have reported that these proteins are very sensitive to temperature (Houlihan et al. 1992; Kim & Jimenez-Flores, 1995 ; Ye et al. 2004) . A protein band, with Mr y75 kDa, appeared to increase in intensity in both non-preheated and preheated milk samples during evaporation (Fig. 4) . A faint band with Mr y58 kDa located between butyrophilin (Mr 66 kDa) and PAS 6 (Mr 50 kDa) was also observed in the samples of both non-preheated and preheated final concentrates. These proteins with Mr y75 kDa and y58 kDa are likely to be the secretory component (SC) and heavy chain immunoglobulins (Igs) components, respectively (Larson, 1992) . The protein with Mr y75 kDa (probably SC) was y5 % of total surface proteins in final concentrates. Interestingly, the intensities of these bands were not affected by preheat treatment of milk and the washing of cream using the dissociating buffer (Fig. 2 & Fig. 4) . The increase in the intensity of these protein bands was not observed when whole milk was heated at different temperatures (Ye et al. 2004 ). This suggests that these proteins were directly adsorbed at the fat globule surface as a consequence of fat globule disruption during evaporation.
Microscopic structures
Transmission electron microscopy on preheated milk (95 8C, 20 s) showed that there were some intact casein micelles associated with the fat surface (Fig. 6A) . Most of these casein micelles seem to be linked to the surface by some filamentous materials. In the micrograph of concentrated milk samples (y50 % total solids) ( Figs 6B & C) , there appeared to be a much greater number of casein micelles associated with fat globules. These micelles appeared to touch or cohere to the surface and form chains from the surface into the serum through the filamentous materials. These micrographs clearly demonstrated that the casein micelles were adsorbed onto the surface of the fat globules during evaporation.
Discussion
Milk fat globules were disrupted during the preheating by the direct steam injection (DSI) at 95 8C for 20 s (Fig. 1 ), in agreement with the results of previous workers (Ramsey & Swartzel, 1984; Melsen & Walstra, 1989; von Boekel & Folkerts, 1991) . Heavy turbulence at the steam inlet and cavitation caused by flash cooling are considered most likely to disrupt fat globules in DSI processes (von Boekel & Folkerts, 1991) . It is not obvious what caused the disruption of fat globules during evaporation of milk. Although, there is a considerable difference in energy input between the evaporation and the homogenization processes, there may be some similarity between the mechanisms of the disruption of fat globules during evaporation and homogenization. It is well known that during homogenization, the fat globules may be disrupted by turbulence, cavitation and the presence of air bubbles (Mulder & Walstra, 1974) . A large amount of vapour is evaporated during evaporation ; cavition caused by vapour evaporation is most likely reason for disruption of fat globules. As the density of milk increases with an increase in total solids, cavitation increases. This may explain why the disruption of fat globules increased with increase in the total solids of milk.
Disruption of fat globules leads to change in the MFGM. In both the non-preheated and preheated samples, the increase in surface protein concentration was mainly attributed to an increase in the amount of casein adsorbed onto the newly formed interface (Fig. 6B, C) due to disruption of fat globules during evaporation. Only small amounts of b-lg (y3 % of total) and no a-la were observed at the interface of fat globules in the final concentrate (Fig. 2) . This is similar to a typical surface layer of a fat globule in unheated homogenized milk. Casein micelles are adsorbed preferentially over whey proteins when the skim milk proteins are adsorbed onto fat interface during homogenization (Mulder & Walstra, 1974; Darling & Butcher, 1978) . A large increase in the total surface protein in the final concentrate (Table 1) is also probably because of the increase in the size of casein micelles with concentration of milk (Walstra & Jenness, 1984) .
The small amount of b-lg observed at the interface of fat globules in the non-preheated concentrated samples (Figs 2 & 3) may have resulted from the association of b-lg with the native MFGM proteins induced by heating, as the milk was heated to y70 8C prior to entry into the evaporator. It has been found that the interactions between b-lg and native MFGM proteins may occur at temperatures lower than 70 8C (Dalgleish & Banks, 1991; Ye et al. 2004) .
The considerable association of b-lg (y2 mg/g fat) with the fat globule surface in the preheated milk (95 8C, 20 s) and its increased association during evaporation (Figs 2 & 3) may possibly be attributed to three different mechanisms : (1) b-lg interaction with the native MFGM proteins via disulphide bond formation, (2) direct b-lg adsorption onto the surface of fat globules due to disruption of globules, (3) adsorption of casein micelles with attached b-lg via disulphide bonds. Previous studies (Corredig & Dalgleish, 1996; Ye et al. 2004) have reported that the maximum amount of b-lg that could be associated with the MFGM on heat treatment of whole milk is y1 mg/g fat. The higher level observed in this study (> 2 mg/g fat) indicates that some of the b-lg was adsorbed onto the newly created surface of fat globules. This had most probably arisen largely from the adsorption of casein micelles, to which b-lg was associated due to heat treatment, although, a small amount of b-lg may be directly adsorbed onto the interface.
Experiments in which the cream layer was washed with urea and EDTA (Fig. 4) , suggest that only k-casein in the casein micelle was directly adsorbed at the surface when casein micelle adsorbed to the surface. This implies that the casein micelles are not disintegrated during evaporation and subsequently were adsorbed onto fat interface as 'intact ' micelles (Fig. 6) . k-Casein located at the surface of casein micelle may shield the contact of a s -caseins and b-casein with the surface of fat globules.
Increased adsorption of b-lg after heat treatment of concentrate (Figs 2 & 4) may be attributed to the association of b-lg with the casein micelles that had already been adsorbed at the interface of fat globules during evaporation. Sharma & Dalgleish (1994) reported that association of b-lg with fat globule membrane in the milk that was first homogenized and then heated was greater than that in the milk homogenized after preheating. They suggested that b-lg may bind with k-casein already adsorbed at the fat globule surface as oligomers and that more binding sites for the whey proteins became available as the casein micelles were adsorbed at the fat surface. The considerable increase in the amount of a-la on the fat globule surface of preheated final concentrate after heating at 79 8C indicates that b-lg and a-la can further associate with the surface proteins as b-lg/a-la complexes. It was found that the amounts of original MFGM proteins did not change significantly with the decrease in the fat globule size during evaporation. This suggests that the native MFGM proteins could not be removed from fat globules when they are disrupted to smaller ones. Plasma proteins are adsorbed onto the newly formed interface and they do not displace the MFGM proteins. Changes in the amounts of some MFGM proteins appear to occur only when milk was heated. Decreases in the amounts of PAS 6 and PAS 7 from MFGM were observed when milk was heated to over 70 8C (Ye et al. 2004) . Previous studies have demonstrated that a part of the original membrane material is released into the plasma under conditions, such as agitation and homogenization (Mulder & Walstra, 1974; Mangino & Brunner, 1975; Darling & Butcher, 1978) . It has been suggested that homogenization would disrupt the membrane and release the components into the serum phase because membrane protein components with molecular weight greater than 50 kDa were found in serum phase after homogenization (Mangino & Brunner, 1975 ; Darling & Butcher, 1978) . However, Keenan et al. (1983) reported that xanthine oxidase and butyriphilin remained associated with lipid globules in homogenized milk. The presence of Igs components at the surface of fat globules (y5 %) after disruption of fat globules (Figs 2 & 4) may be attributed to its direct adsorption during evaporation. It has been reported that the Igs, particularly the IgM and SIgA, are considerably hydrophobic (Frenyo et al. 1986 ) and consequently these proteins are preferentially adsorbed on newly formed fat globule surface during evaporation.
The disruption of fat globules with the consequent adsorption of skim milk proteins onto the surface of fat globules is likely to affect the rheological properties of concentrated milk. Fat globules with adsorbed casein micelles could behave as large casein micelles and interact with casein micelles and whey proteins during further processing, especially spray drying. This would in turn influence the functional properties of whole milk powders, such as solubility during reconstitution of the powder.
